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at an mverting mput thereof to the output of the POSFET
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current signal and to produce at least one output signal, said
at least one output signal being a pulse train having a
frequency proportional to said at least one current signal
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READ CIRCUIT FOR POSFET TYPE
TACTILE SENSOR DEVICES

The present invention relates to a read circuit for tactile
sensor devices, 1 particular sensor devices that employ
piezoelectric polymers as force and pressure transducers,
directly coupled to field-eflect transistor semiconductor
devices for the conditioning of the local signal (POSFET,
Piezoelectric Oxide Semiconductor Field Effect Transistor).

Tactile sensor devices of the POSFET type are known

such as those described 1n the patent application
TO2009A000269, granted on 24 Apr. 2012 with the number

13933585.

In the devices of the POSFET type, the electrical oflset
can be controlled by the mechanical stress or by the contact
force 1mposed on the maternial on which the force (or
pressure) 1s exerted. This effect 1s used to modulate the
charge of the channel induced 1n the underlying field-eflect
device. Accordingly, the variation over time of the intensity
of the mechanical stress (or contact force) 1s directly con-
verted into the varnation of the channel current of the
POSFET device, 1in such a manner that 1t can be amplified
and digitized.

Such sensor devices are arranged to thus produce at the
output an analogue voltage/current proportional to the force
(or pressure) exerted on them.

Tactile sensors are becoming ever more widespread
devices 1n daily use.

In robotic applications, tactile sensors are important for
the mamipulation of objects and for enabling a safe 1nterac-
tion with the environment. Their development must satisiy
various constraints that depend on the applications.

In humanoid robotics, such sensors must have a wide
temporal frequency bandwidth 1n order to be able to respond
to mechanical stresses with time responses that are also very
tast and furthermore need to cover all the possible range of
tactile stimuli, from the light touch necessary for example in
order to appreciate the roughness of a surface, up to signals
ol greater intensity.

The sensors must be robust, well distributed and small, so
as to be adaptable for example to the tip of the fingers of the
robot and possibly cover their entire hand and body.

On the wider scale of the various technologies for the
conversion of mechanical signals into electrical signals
(resistive, capacitive, piezoelectric, optical, etc.), POSFETs
have the advantage of being a “sensotronic’ unit comprising,
transducers and transistors on the same substrate, and there-
fore capable of sensing and partially processing tactile
signals on a single integrated device.

In this context, POSFETs may be compared with the
mechano-receptors of the human skin which not only mea-
sure the contact parameters, but also partially process the
tactile information.

The direct coupling of the sensitive material with elec-
tronic devices, such as i a POSFET, 1s advantageous
because 1t allows a better signal-noise ratio, a {faster
response, a better sensitivity to the force (or pressure) to be
measured and a high level of integration 1n systems 1n which
the transducers and the electronic devices co-exist on the
same substrate to be obtained, minimizing accordingly the
final dimensions of the device.

In the tactile reception, where many tactile devices must
be mcorporated onto a robot, the high number of distributed
sensitive elements (or “taxels™) requires an eih

icient encod-
ing of the tactile signals, which 1s able to minimize the
transmitted data, transfer and store the results and enable
their robust and reliable interpretation.
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The tactile sensor devices of the POSFET type in the
Patent application TO2009A000269 are able to supply at the
output an analogue electrical signal (voltage/current) which,
however, until today, 1s not acquired and processed in an
ellicient manner.

The aim of the present invention 1s thus to provide a read
circuit for the electrical signal produced by tactile sensor
devices of the POSFET type, which 1s capable of performing
an eflicient asynchronous encoding of such a recerved signal
and of allowing a fast and eflicient transmission of the data
measured by the sensor.

This and other aims are achieved according to the present
invention by means of a circuit according to Claim 1.

Particular advantageous embodiments of the present
invention are objects of the dependant claims.

Further features and advantages of the present invention
will become clearly apparent from the detailed description
that follows, presented purely by way of non-limiting
example, with particular reference to the appended draw-
ings, in which:

FIG. 1 1s a block diagram of the read circuit of the present
invention;

FIG. 2 1s a circuit diagram of the transconductance
amplifier of the circuit of the present mnvention; and

FIG. 3 1s a circuit diagram of the offset cancellation
module.

In FIG. 1, the reference 1 indicates a tactile sensor device
of the POSFET type as described hereinabove.

The POSFET device 1s connected 1n a configuration of the
source follower type with the bias current; the configuration
1s used for “buflering” (1.e. implementing an impedance
matching) the output voltage.

The POSFET device 1 1s connected to a read circuit 2,
which comprises a transconductance amplifier 4 connected,
via its iverting terminal, to the source terminal of the
POSFET device 1 1n a contact node 4a and connected, via
the same contact node 44, to an offset cancellation module
6 known per se.

The offset cancellation module 6 1s connected 1n turn, as
stated above, to the source terminal of the POSFET device
1 1n the contact node 4a, and 1s furthermore connected to the
non-inverting terminal of the transconductance amplifier 4.

The offset cancellation module 6 1s arranged for generat-
ing, at the output, an ofiset output signal described 1n the
following.

The offset cancellation module 6 has a further mput 7 to
which can be applied a control signal V. (digital voltage
signal) when necessary in order to carry out the operation for
cancelling the offset.

The oflset cancellation module 6 1s necessary in order to
solve the problems linked to the imperfections of the pro-
cesses for fabricating the POSFET device 1, to the disper-
sion ol the parameters of the electronic devices mvolved,
such as also oscillations of the power supply voltage, and to
the variations i temperature during normal use of the
system.

If the offset cancellation module 6 i1s periodically acti-
vated, the eflects of the varniations of the operating point of
the POSFET device 1, caused for example by low frequency
interference such as electrostatic charges or variations 1n
temperature, can be reduced.

In this way, the mechanical hysteresis, introduced by the
non-linearity of the piezoelectric film of the POSFET device
1 and of the protection materials deposited on 1t, may also
be controlled.

The transconductance amplifier 4 1s connected at the
output to a first and to a second neuron 8a, 86 (indicated
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overall with the reference 8) of the Leaky Integrate & Fire
(LIF) type known per se and described in detail in the
following.

The neurons 8a, 8b are connected at the output to an
asynchronous arbitration circuit 10 of the AER (Address-
Event Representation) type known per se and described 1n
detail in the following.

This asynchronous arbitration circuit 10 1s arranged to
produce two output signals 12a, 126 directed toward a
processor not shown 1n the figure and described 1n detail in
the following.

The transconductance amplifier 4 1s arranged, 1n a manner
known per se, to compare, within a predetermined interval
of time, the voltage coming from the POSFET device 1
(inverting 1nput) with the value of the output voltage of the
oflset cancellation module 6 (non-inverting input). The
output current I,_ and I, of the transconductance amplifier
4 (described 1n the following) are injected respectively into
the first neuron 8a for the inverting output and into the
second neuron 86 for the non-inverting output.

A wide range symmetric transconductance amplifier 4
(wide range symmetric OTA) 1s used with a double current
output (as described here 1n the following) 1n order to obtain
a compact read circuit 2 with cancellation of the offset.

The transconductance amplifier 4 1s an amplifier of the
OTA type known per se (thus having per se a single
non-inverting output I, ) to which, according to the present
invention, has been added a turther inverting output I,_.
FIG. 2 shows a circuit diagram of the transconductance
amplifier 4 1n which the components enclosed by the line X
are the components of a standard OTA, whereas 1n the area
enclosed by the line Y are shown the current mirrors Y1 and
Y2 which have been added 1n order to in the end obtain the
inverting output I,_. The operation of the current mirrors Y1,
Y2, etc. 1s known per se and will not be described further
here.

The operation of the circuit 2 described hereimnabove will
now be described.

As stated above, the POSFET device 1 1s arranged to
generate at the output, on the source terminal, an analogue
voltage signal whose intensity 1s proportional to the force (or
pressure) exerted on 1t. This voltage signal 1s thus present in
the first contact node 4a and 1s supplied to the imnverting input
of the transconductance amplifier 4.

A contact node 45 (see FIG. 2), which corresponds to the
non-inverting mmput of the transconductance amplifier 4, 1s
connected to the output of the oflset cancellation module 6.

FIG. 3 shows a circuit diagram of the oflset cancellation
module 6 which i1s formed 1n a manner known per se by a
switch realized by a transfer-gate CMOS with dummy
switch, which allows to implement a switch controlled by
the control signal V,_. On the output terminal of the oflset
cancellation module 6, corresponding to the contact node 45,
a capacitor 50 coupled to ground 1s present which stores the
voltage signal coming from the POSFET device 1 and thus
the offset of the same POSFET device 1. This stored voltage
signal 1s the aforementioned offset output signal, and 1s thus
representative of the voltage value of the POSFET device 1
at the moment 1n which the control signal V,_, arrives.

When the control signal V,_, applied externally to the
input 7 of the oflset cancellation module 6 1s low (the term
“low” makes reference to the standard terminology {for
digital signals for which it corresponds to the logical value
“zero”, where 1n this case, “zero” 1s for example included 1n
the interval [0-1.63]V or it corresponds to ground potential),
the oflset cancellation module 6 behaves as an open switch,
and the non-inverting terminal of the transconductance
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4

amplifier 4 1s not connected 1n a manner known per se to the
source of the POSFET device 1 (1n the first contact node 4a).

This causes the 1solation of the non-inverting terminal of
the transconductance amplifier 4, and thus also the 1solation
of the capacitor 50 of the oflset cancellation module 6, by the
signal coming from the POSFET device 1. The voltage
present on the ends of the capacitor 30 thus remains constant
for the whole time 1n which the control signal V,_, remains
low, allowing the transconductance amplifier 4 to perform
the subtraction between the voltage signal coming from the
POSFET device 1 and the voltage present on the ends of the
capacitor 50 (thus generating the output current I, I, ).
thus obtaining the cancellation of the ofiset due to the
POSFET device 1 at the mput to the transconductance
amplifier 4.

The output signals from the transconductance amplifier 4
(the outputs 1., I,_) are current signals and have an ampli-
tude proportional to the difference of the input voltages, such
a difference being proportional to the force (or pressure)
exerted on the POSFET device 1.

When the value of the control signal V__ applied exter-
nally to the input 7 of the oflset cancellation module 6 1s set
at a “high” level (the term “high” makes reference to the
standard terminology for the digital signals for which it
corresponds to the logical value “one”, where 1n this case
“one” 1s for example included within the interval [1.65-
3.3]V or it corresponds to the power supply voltage), the
oilset cancellation module 6 behaves as a closed switch, the
inverting and non-inverting terminals of the transconduc-
tance amplifier 4 are connected together 1n a manner known
per se, and are then connected to the source of the POSFET
device 1 (in the first contact node 4a).

In this way, 1t 1s possible to store the value of the signal
in voltage by the POSFET device 1 on the ends of the
capacitor 50 contained in the oflset cancellation module 6,
updating the value of offset which it 1s intended to eliminate
from the signal in current at the output from the transcon-
ductance amplifier 4.

In this configuration, the voltage between the contact
nodes 4a and 4b, which coincide with the inverting and
non-inverting inputs of the transconductance amplifier 4, 1s
zero, thus forcing a zero current at the output to the
transconductance amplifier 4 (thus, 1t 1s as if the output
current I, I,_ had not been generated).

Returning now to FIG. 1, the neurons 8 comprise two
neurons ol the LIF type, the first neuron 8a being predis-
posed for recerving at the input the inverting output I,_ from
the transconductance amplifier 4 and the second neuron 856
being predisposed for receiving at the mput the non-invert-
ing output I,, from the transconductance amplifier 4.

The transconductance amplifier 4 1s obtained by applying
the modification indicated above to a symmetric OTA
because the neurons 8a, 8b, per se, are rectitying and only
respond to a positive current coming from the transconduc-
tance amplifier 4, that 1s they only respond to mechanical
stimuli of compression (e.g. the applied force/pressure
increases) or ol release (the applied force/pressure
decreases).

Wishing to observe the entire range of varnation of the
current (and of the related mechanical stimulus applied to
the POSFET device 1), the two neurons 8a, 85 indicated
above have thus been introduced, 1n such a manner that one
can analyze the positive variations and the other the negative
variations of the voltage coming from the POSFET 1. For
the negative varnations, 1t 1s thus necessary to obtain a
current signal of opposite polarity to be supplied to the
second neuron 8b.
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The neurons 8a, 86 are connected to the asynchronous
arbitration circuit 10, which comprises two arbitration sub-
circuits, respectively a first arbitration sub-circuit 10q and a
second arbitration sub-circuit 105, each connected to the
respective neuron 8a, 8b.

Each neuron 8a, 86 1s an electronic circuit known per se
adapted to receive the respective output current I, _, I,, of
the transconductance amplifier 4 (thus, adapted to receive a
current signal coming from the transconductance amplifier 4
and represented by the respective output 1., I,_), and to
torward it, after having processed 1t in a manner known per
se, to the associated arbitration sub-circuit 10a, 1056. At the
output from each neuron 8a, 85, an intermediate pulse train
(intermediate signal) 1s thus obtained whose frequency 1s
proportional to the absolute value of the current coming
from the transconductance amplifier 4.

Each arbitration sub-circuit 10a, 106 1s an electronic
circuit known per se adapted to recerve at the mput:

the intermediate signal coming from the associated neu-

ron 8a, 85, and

a respective second input signal 14a, 145 (known as an

acknowledgement signal) coming in a manner known
per se from an external arbitration circuit not shown in
the figure. As an alternative to using an external arbi-
tration circuit 1t 1s possible, 1n a manner known per se,
to short-circuit the output with the input of the asyn-
chronous arbitration circuit 10 (namely, to short-circuit,
respectively, the output signals 12a and 126 with the
acknowledgement signals 14a and 145), in the case of
a single taxel.

Each time that the intermediate signal produced by the
neurons 8a or 85 1s served (and thus, sent outside of the read
circuit 2 over an asynchronous bus), the neurons 8a and 85
are reset and begin a new read cycle.

Each arbitration sub-circuit 10aq, 105 1s thus capable of
generating, 1 a manner known per se starting from the two
received signals, the respective output signals 12a, 125, the
said output signals 12a, 126 being pulse trains having a
frequency directly proportional to the absolute value of the
input current received at each respective neuron 8a, 8b. The
output signals 12a and 124 are digital signals.

The output signals 124, 125 are thus proportional to the
values of the current signals coming from the transconduc-
tance amplifier 4.

The pulse trains obtained at the output are therefore
proportional to the value of force (or pressure) exerted on the
POSFET device 1.

The neurons 8a, 86 thus carry out, together with the
respective arbitration sub-circuit 10aq, 105, an analogue-
digital conversion of the output signal from the POSFET
device 1 encoding the force (or pressure) measured by the
piezoelectric material and read by the underlying field-effect
device 1nto a train of digital pulses.

The asynchronous arbitration circuit 10, together with the
external arbitration circuit, manage the collision between
contemporaneous pulse trains coming from various taxels on
a single chip and forward the pulses to an external bus,
together with the 1dentity of the corresponding taxel, imple-
menting the conventional asynchronous communications
scheme of the known “Address-Event Representation”
(AER) protocol. In particular, the asynchronous arbitration
circuit 10 blocks the production of the intermediate signals
from the neurons 8a and 856 until the external arbitration
circuit does not forward the corresponding event at the
output over the external bus.

In one variant of the present invention, the control signal
for the cancellation of the oflset 1s not arbitrarily
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6

supplied externally (obtaining in this way a frequency of the
output signals 12a, 125 proportional to the absolute value of
the force or pressure generated on the POSFET device 1) but
performs a logic OR between the acknowledgment signals
14a and 14H and the external signal, and the result of this
operation 1s supplied to the mput 7 of the oflset cancellation
module 6.

In this way, 1t 1s possible to encode the variations of force
(or pressure) exerted on the POSFET device 1 rather than
their absolute value, acquiring and sending the data on only
when the force (or the pressure) on the POSFET device 1
varies.

This strategy adapts the system composed of the POSFET
device 1 and of the read circuit 2 to the real dynamics of the
external world, and directly removes the redundancies dur-
ing the phase for conversion of the physical quantity (force
or pressure) 1nto digital signal (the output signal 12a, 125).

If the physical quantity measured by the POSFET device
1 does not change, nothing 1s transmitted, stored and pro-
cessed. In the opposite case, the exchange of asynchronous
data ensures that when there 1s a variation, this 1s immedi-
ately communicated to the external processor.

The read circuit 2 of the present invention guarantees a
very high time resolution and a low latency, together with
the transmission of a reduced quantity of data and with an
elflicient use of the resources.

The analogue signals coming from the POSFET device 1
are thus digitized 1 an asynchronous manner in a non-
conventional way: using a neuromorphic system, the data
are encoded with digital pulses which can be transmitted 1n
a robust manner, and the information 1s contained in the
frequency of the pulses (InterSpike Interval).

The output digital waveform from the read circuit 2 1s a
stream of digital pulses whose Irequency encodes the
mechanical 1nput, i particular the amplitude of the
mechanical input signal or the change in this amplitude. The
analogue mmformation on the amplitude of the analogue
signal coming from the POSFET device 1 1s encoded 1n the
relative timing of the pulses (the pulse train 1s modulated
with a time between pulses that 1s inversely proportional to
the amplitude of the analogue signal coming from the
POSFET). The intrinsically managed encoding of the data
optimizes 1ts transmission by removing the redundant infor-
mation when the mnput signal 1s not changing.

In the electromic systems with matrices of transducers,
where there 1s a limit to the number of connections and to the
usable external wires, the speed of communication 1s
obtained by sub-dividing the asynchronous pulses over time
(time-multiplexing) on a single bus. In the case of integrated
tactile sensors, each “taxel” sends out 1ts own pulse onto the
bus whenever i1t 1s mechanically stressed, and the digital
pulse 1s sent out together with the 1dentity (or address) of the
corresponding “taxel” encoded as a digital word. This AER
protocol has become a standard in the sector, since 1t allows
various sensors and processing devices to communicate with
one another in order to form neuromorphic sensor systems.

The circuit of the present invention allows a time-multi-
plexing of the analogue signals coming from a matrix of
POSFET devices making use of the AER protocol for
transmitting the mformation from multiple sensors over a
single channel, and 1t 1s suited to the integration of a large
quantity of distributed tactile sensors.

In sensorized applications for electronic skin, for example
in robotics, where there 1s a high number of distributed
sensors that measure activities localized both spatially and
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temporally 1n a diverse manner, the tactile sensors managed
with an AER methodology offer a low power and compact
solution.

Further advantages of the present invention are as fol-
lows:

for the first time, a tactile device with a fully-integrated

read circuit has been implemented;

the read circuit of the present mvention carries out an

analogue-digital conversion based on the amplitude or
variation of the analogue signal, mimimizing the trans-
mission of data with respect to the conventional syn-
chronized-time sampling.

It goes without saying that, still keeping the principal of
the mnvention, the embodiments and their implementations
could be significantly varied with respect to what has been
described and illustrated purely by way of non-limiting
example, without however straying from the scope of pro-
tection of the present mvention defined by the appended
claims.

The invention claimed 1s:

1. A read circuit of an electrical signal produced by a
POSFET device comprising:

a transconductance amplifier connected at an 1nverting

input thereof to the output of the POSFET device;

at least one neuron connected at the output to the

transconductance amplifier;

said transconductance amplifier being adapted to:

receive a signal coming from the POSFET device
representative of a force or pressure exerted on the
POSFET device, and

produce at the output at least one current signal repre-
sentative ol the force or the pressure;

said at least one neuron being adapted to receive said at

least one current signal and to produce at least one
output signal, said at least one output signal being a
pulse train having a frequency proportional to said at
least one current signal produced by the transconduc-
tance amplifier.

2. A read circuit according to claim 1, further comprising
at least one asynchronous arbitration circuit connected at the
output to said at least one neuron, 1n which

said at least one neuron 1s arranged to produce at least one

intermediate signal proportional to an absolute value of
the current signal; and

said at least one asynchronous arbitration circuit 1is

adapted to recerve said at least one intermediate signal
and at least a second 1nput signal and to generate, on the
basis of said at least one intermediate signal and said at
least the second input signal, said at least one output
signal.

3. A read circuit according to claim 2, further comprising
an offset cancellation module connected to a non-inverting
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input of the transconductance amplifier and connected to the
output of the POSFET device,

.

said o

set cancellation module being adapted to

receive a control signal 1n order to carry out an opera-
tion for cancelling the offset of the POSFET device,
and to

form, at the input to the transconductance amplifier, an
open switch or a closed switch depending on the
value of the control signal, in such a manner that the
transconductance amplifier generates or not, at the
output, at least the current signal.

4. A read circuit according to claim 3, in which the
transconductance amplifier 1s adapted to produce at the
output at least one current signal via a comparison between
the signal coming from the POSFET device within a pre-
determined interval of time and an offset output signal
coming from the offset cancellation module, said offset
output signal being the signal produced by the POSFET
device within an instant of time preceding said first interval
and stored 1n memory by the oflset cancellation device.

5. A read circuit according to claim 1, in which the
transconductance amplifier 1s an OTA amplifier of the OTA
type furthermore comprising and further comprises two
current mirrors adapted to generate an inverting output.

6. A read circuit according to claim 1, further comprising,
an offset cancellation module connected to a non-inverting

input of the transconductance amplifier and connected to the
output of the POSFET device,

"y

said oflset cancellation module being adapted to

receive a control signal 1n order to carry out an opera-
tion for cancelling the offset of the POSFET device,
and to

form, at the 1nput to the transconductance amplifier, an
open switch or a closed switch depending on the
value of the control signal, in such a manner that the
transconductance amplifier generates or not, at the
output, at least the current signal.

7. A read circuit according to claim 6, in which the
transconductance amplifier 1s adapted to produce at the
output at least one current signal via a comparison between
the signal coming from the POSFET device within a pre-
determined interval of time and an oflset output signal
coming from the offset cancellation module, said offset
output signal being the signal produced by the POSFET
device within an instant of time preceding said first interval
and stored 1n memory by the oflset cancellation device.

G o e = x
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